The diastrophic dysplasia sulfate transporter (DTDST) gene encodes a transmembrane protein that transports sulfate into chondrocytes to maintain adequate sulfation of proteoglycans. Mutations in this gene are responsible for four recessively inherited chondrodysplasias that include diastrophic dysplasia, multiple epiphyseal dysplasia, atelosteogenesis type 2 and achondrogenesis 1B (ACG-1B). To determine whether the DTDST mutations found in individuals with these chondrodysplasias differ functionally from each other, we compared the sulfate transport activity of 11 reported DTDST mutations. Five mutations, G255E, ∆a1751, L483P, R178X and N425D, had minimal sulfate transport function following expression in Xenopus laevis oocytes. Two mutations, ∆V340 and R279W, transported sulfate at rates of 17 and 32%, respectively, of wild-type DTDST. Four mutations, A715V, C653S, Q454P and G678V, had rates of sulfate transport nearly equal to that of wild-type DTDST. Transport kinetics were not different among the four mutations with near-normal sulfate transport function and wild-type DTDST. When the sulfate transport function of the different DTDST mutations are grouped according to the general phenotypes, individuals with the most severe form, ACG-1B, tend to be homozygous for null mutations, individuals with the moderately severe atelosteogenesis type 2 have at least one allele with a loss-of-function mutation, and individuals with the mildest forms are typically homozygous for mutations with residual sulfate transport function. However, in the X.laevis oocyte expression system, the correlation between residual transport function and the severity of phenotype was not absolute, suggesting that factors in addition to the intrinsic sulfate transport properties of the DTDST protein may influence the phenotype in individuals with DTDST mutations.
INTRODUCTION
Mutations in the diastrophic dysplasia sulfate transporter gene (DTDST), first described by Hästbacka et al. (1) , have been identified in four recessively inherited chondrodysplasias: achondrogenesis 1B (ACG-1B) (2), atelosteogenesis type 2 (AO-II) (3), diastrophic dysplasia (DTD) (1) and autosomal recessive multiple epiphyseal dysplasia (MED) (4) . McAlister dysplasia has been described as a variant of AO-II (5), and broad bone-platyspondyly is a variant of DTD (6) . ACG-1B is the most severe form of these chondrodysplasias, resulting in skeletal underdevelopment and death preceding or shortly after birth. AO-II is frequently lethal in the neonatal period, while DTD and MED are considered the least severe forms. In two families with apparently isolated club foot, the diagnosis of MED was made only after skeletal X-rays and molecular analysis were performed (7) .
The DTDST gene encodes a sulfate transporter that also accepts chloride and possibly bicarbonate as substrates (8) . Reduced sulfate transport in chondrocytes of individuals with DTDST mutations results in the under-sulfation of proteoglycans, which in turn leads to abnormal cartilage formation. Correlations between pathogenic mutations in the DTDST gene and clinical phenotypes have been described (9, 10) . It has been proposed that the differences in disease severity between the chondrodysplasias reflects differences in residual sulfate uptake via the mutated DTDST sulfate transporter (3) . If this were the case, cells from patients with ACG-1B would have either absent or minimal sulfate transport, AO-II would have an intermediate level of sulfate transport, and the milder diastrophic dysplasia and MED phenotypes would have the most residual sulfate transport. Several studies have attempted to test this hypothesis by comparing either sulfate uptake or the degree of proteoglycan sulfation in tissue from individuals with ACG-1B, AO-II and DTD (2, 3, 5, (11) (12) (13) . In all studies, sulfate transport and the level of proteoglycan sulfation is significantly reduced in cells from individuals with chondrodysplasias compared with cells from normal controls; however, a consistent correlation between disease severity and the level of sulfate transport or proteoglycan sulfation has not been found. These types of studies are limited by the relatively low number of patients available with each phenotype, the various ages of the individuals studied and by the fact that alternative sources of cell sulfate other than transport via the DTDST protein have been described in chondrocytes (5, 14) .
In the present study, several DTDST mutations have been expressed in Xenopus laevis oocytes and their sulfate transport capacity was measured. X.laevis oocytes have a relatively low level of endogenous sulfate transport; consequently, it can be determined whether the functional sulfate transport capacity of the mutated DTDST protein at the molecular level correlates with known genotype/phenotype relationships.
RESULTS
Eleven mutations of the DTDST gene were examined in the present study (10) . To determine the residual sulfate transport function of the individual DTDST mutations, X.laevis oocytes were injected with 0.5 ng of either mutant or wild-type cRNA, and the rate of sulfate transport was determined. As shown in Figure 1 , four mutations, C653S, A715V, Q454P and G678V, have sulfate transport rates between 56 and 100% of wild-type cRNA. Five mutations, G255E, L483P, R178X, ∆a1751 and N425D, have sulfate transport rates that are <10% of wild-type cRNA, and two mutations, R279W and ∆V340, have intermediate levels of transport activity (32 and 17% of wild-type cRNA, respectively).
The high level of sulfate transport activity depicted in Figure 1 for the A715V, C653S, Q454P and G678V mutations was unexpected; however, in this experiment, a single concentration of sulfate was used (100 µM). It is possible that these mutations alter the affinity of sulfate for the DTDST transporter, so that under physiologic conditions the velocity of sulfate transport into the chondrocytes would be reduced compared with wild-type DTDST. To test this, we performed non-linear regression analysis of velocity versus increasing sulfate concentration in oocytes injected with 0.5 ng of either wild-type DTDST cRNA or the A715V, C653S, Q454P and G678V mutant cRNAs. The K m for sulfate determined in oocytes expressing wild-type DTDST was 67 ± 12 µM. There was no significant difference between the sulfate K m for wildtype DTDST and the A715V, C653S, Q454P and G678V mutants (data not shown).
Cells with low levels of sulfate transport activity could increase the rate of sulfate transport by upregulating mRNA synthesis and increasing the expression of mutant protein. As shown in Figure 2 , by increasing the amount of injected mutant cRNA 3-fold compared with wild-type (0.3 versus 0.1 ng), five mutations were able to achieve sulfate transport rates equal to, or exceeding that of wild-type DTDST, and a sixth mutation, ∆V340, had sulfate transport activity 36% of wild-type. In contrast, in oocytes injected with ≤0.5 ng cRNA of the mutations L483P, R178X, ∆a1751, G255E and N425D, sulfate transport was <10% of that in oocytes injected with 0.1 ng wild-type cRNA (data not shown). Therefore, it is unlikely that upregulation of mRNA synthesis and protein expression could correct any sulfate transport deficits resulting from the L483P, R178X, ∆a1751, G255E and N425D mutations.
As noted in Figure 1 , the A715V, C653S and G678V mutations have near-normal transport activity when expressed in X.laevis oocytes. These three mutations have been linked to chondrodysplasias when a second mutation with minimal transport function is present on the opposite allele. In addition, the most common DTDST mutation, R279W, has an intermediate level of residual sulfate transport activity and has also been found in individuals with a second, minimal-function mutation on the opposite allele. It is not known whether the DTDST protein exists as a monomer or oligomer; however, most membrane transport proteins are probably oligomeric (15) . Therefore, a possible explanation for the high level of sulfate transport function when some mutations are expressed individually in oocytes is that these mutations result in conformational changes which favor the formation of non-functional, oligomeric complexes in the presence of certain other DTDST mutants. To test this, we injected X.laevis oocytes with 0.1 ng cRNA of the four functional mutations, A715V, C653S, G678V or R279W, and compared the rate of sulfate transport with oocytes injected with 0.1 ng cRNA of these same four mutations plus 0.3 ng cRNA of a non-functional mutation. The six mutant combinations tested have all been identified in individuals with chondrodysplasia and include A715V/G255E (AO-II), C653S/R178X (DTD), G678V/ R178X (ACG-1B), R279W/R178X (AO-II), R279W/N425D (AO-II) and R279W/∆a1751(AO-II). As shown in Figure 3 , there was no significant difference in sulfate transport activity in any of the groups of oocytes injected with both a functional and non-functional mutation compared with oocytes injected with the functional mutation alone. This demonstrates that the functional mutant DTDST proteins, A715V, C653S, G678V and R279W, do not interact with non-functional mutant proteins to produce a loss-of-function phenotype.
DISCUSSION
Individuals with disease-causing mutations in the DTDST gene present with at least four chondrodysplasias with different levels of severity. The underlying defect in each is abnormal sulfate transport with subsequent under-sulfation of cartilage proteoglycans. It has been proposed that the phenotypic variability observed in these chondrodysplasias is the result of different levels of residual sulfate transport function (3). This hypothesis is based on the correlation between certain mutations in the DTDST gene and clinical phenotypes (9,10); mutations of the DTDST gene in the most severe chondrodysplasia, ACG-1B, are predicted to result in dramatic alterations in the transport protein structure, whereas the chondrodysplasias of intermediate (AO-II ) or mild severity (DTD and MED) are predicted to have less severe alterations in protein structure. Such a correlation between disease severity and residual transport function has been found with the PDS chloride-iodide transporter, which is closely related to DTDST (16, 17) .
In the present study, we have duplicated the changes in amino acid sequence predicted to result from 11 different DTDST mutations and have analyzed the sulfate transport properties of each following expression in X.laevis oocytes. Since this study was designed to determine the functional capacity of the mutated protein, we did not study the Finnish mutation, which is located in a splice donor site of an untranslated exon and results in decreased levels of mRNA (18) .
Five of the mutations that we examined, N425D, R178X, L483P, G255E and ∆a1751, can be classified as null mutations. In oocytes injected with cRNA of each of these five mutations, sulfate transport is <10% of that in oocytes injected with an equal amount of wild-type cRNA, and injecting up to 5-fold more mutant cRNA than wild-type cRNA does not measurably increase the relative rate of sulfate transport. In contrast, we have classified R279W and ∆V340 as intermediate-function mutations. When oocytes were injected with equal amounts of cRNA, the R279W mutation had sulfate uptake 32%, and the ∆V340 mutation 17%, of that of wildtype. Sulfate uptake increased to 94 and 36%, respectively, when oocytes were injected with 3-fold more mutant cRNA than wild-type cRNA. Surprisingly, in oocytes injected with four DTDST mutations, A715V, C653S, Q454P and G678V, sulfate transport activity was ≥50% of that in oocytes injected with an equal amount wild-type cRNA. There was no significant difference in the sulfate K m values between wild-type DTDST and the A715V, C653S, Q454P and G678V mutations. In addition, in oocytes injected with 3-fold more cRNA of each of these four mutations, sulfate transport activity exceeded that of oocytes injected with wild-type cRNA.
For each mutant allele examined in this study, Table 1 lists the residual sulfate transport capacity (null, intermediate and near-normal) according to the chondrodysplasia in which it has been identified. The following three observations support the hypothesis that the level of residual sulfate transport capacity of the mutant DTDST protein correlates to disease severity. (i) Homozygosity for null mutations is found only with the severe ACG-1B phenotype. (ii) All AO-II genotypes that we examined have a null mutation on one allele with either an intermediate or near-normal mutation on the opposite allele. (iii) Three of the four milder, diastrophic dysplasia or MED genotypes were homozygous for mutations with intermediate or near-normal sulfate transport activity. However, two findings suggest that there is some variance in the relationship between disease severity and DTDST sulfate transport activity. Firstly, compound heterozygotes with a null mutation on one allele and a near-normal mutation on the second allele have been identified in chondrodysplasias of all levels of severity. Secondly, homozygotes for an intermediate function mutation were found in both the severe ACG-1B phenotype (∆V340/ ∆V340) and the milder, diastrophic dysplasia or MED phenotypes (∆V340/R279W and R279W/R279W, respectively). The classification of intermediate function is based on the ∆V340 and R279W mutations, having 10-50% of wild-type sulfate transport activity and being able to increase transport activity with increasing amounts of injected cRNA; however, at all levels of injected cRNA, the R279W mutation has at least twice as much sulfate transport activity as the ∆V340 mutation. Furthermore, the ∆V340 mutant is able to increase sulfate transport to only 36% of wild-type despite injecting 3-fold excess cRNA (Figs 1 and 2 ). This level of residual activity may be sufficient to produce a mild phenotype when ∆V340 is found as a compound heterozygote with R279W but results in a severe phenotype when ∆V340 is present on both alleles.
How can the A715V, C653S, Q454P and G678V mutations have nearly normal transport function following expression in oocytes yet result in defective sulfate transport in chondrocytes? It should be noted that the ionic composition of the uptake solutions used in the present study was designed to enhance detection of sulfate transport in the oocyte expression system and does not mimic physiologic conditions. It's possible that if the experiments are performed with physiologic concentrations of electrolytes, the mutant proteins may have transport function different from what we observed.
Besides altering the intrinsic functional properties of a protein, mutations of the coding region can result in abnormal function through defective protein processing, defective protein regulation and alternations in RNA processing. As a rule, folding and post-translational processing of mammalian proteins is performed accurately in X.laevis oocytes (19) ; however, in certain instances, mutant proteins that are nonfunctional in mammalian cells display some functional activity in oocytes. This can be explained by the fact that proper folding and post-translational processing of some mutant proteins is temperature-sensitive (20, 21) , and that X.laevis oocytes require incubation temperatures much lower than that of mammalian cells. Expressing the DTDST mutations in a mammalian cell system may indicate whether incubation at a lower temperature affects either the folding or processing of the DTDST mutants.
The A715V, C653S, Q454P and G678V mutations could also result in reduced function in chondrocytes through an abnormality of RNA splicing. A recent study has demonstrated that single base pair mutations within exons, at sites distinct from splice junctions, may disrupt splicing by altering the motifs of either exonic splice enhancers or silencers (22) . In our study, the mutant cRNA that is injected in oocytes is generated from normal cDNA transcripts and is not influenced by mRNA splicing factors.
The observation that some mutations do not result in a lossof-transport function does not contradict the previously noted correlation between certain DTDST genotypes and disease severity, but instead suggests that the correlation cannot be attributed solely to the intrinsic properties of the mutant Table 1 . Functional activity of DTDST alleles in ACG-IB, AO-II, DTD and MED +, Near-normal activity; O, intermediate activity; -, null activity.
Our results are consistent with earlier studies that have not been able to detect measurable differences between the chondrodysplasias in either the level of cellular proteoglycan sulfation or sulfate transport (2, 3, 5, 12) . These studies, together with our observation that there is only a partial correlation between protein function and disease severity suggests that other factors, such as environmental influences or an inability to use alternative transport pathways for sulfate (5, 14) , may contribute to the clinical features seen in this family of chondrodysplasias, and is consistent with the phenotypic variability that has been noted within single sibships (23) . However, the inconsistencies may also be attributed to the oocyte expression system and additional studies in mammalian cells may help resolve some of the discrepancies identified in the present study.
MATERIALS AND METHODS

Preparation of DTDST clone
The DTDST coding sequence, spanning nucleotides 16-2244, was amplified by PCR from a human kidney cDNA library (Clontech Laboratories, Palo Alto, CA) using Elongase polymerase (Gibco BRL Rockville, MD) and the primers 5′-CCG-GAATTCTATCTCCAGAAATGTCTTCAG-3′ and 5′-GCTCG-GACTTGCGGCCGCTCAGTGGTGGTGGTGGTGGTGA-TCACTACTAAGACTCAGACCAT-3′. The PCR cycle was denatured at 94°C for 2 min, followed by 35 cycles at 94°C for 30 s, 58°C for 1 min, 68°C for 2 min, with a final extension at 68°C for 10 min. This amplification resulted in the insertion of a 6-histidine tag at the C-terminal end of the DTDST coding sequence followed by a TGA stop codon, and includes EcoRI and NotI sites. The resulting PCR fragment was cloned in a pSPORT vector following digestion with EcoRI and NotI and sequenced in both directions. Two variations from the published sequence, predicted to result in amino acid changes, were detected at nucleotides 1238 and 1797. These were corrected using the Quick-Change Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA), as described previously (17) . DTDST in pSPORT was subsequently amplified by PCR with pfu DNA polymerase (Stratagene) using the forward primer defined above and a reverse primer 5′-TGCTCTAGATCA-GTGTGTGTGGTGGTGGTGATCACTACTAAGACTC-AGACCAT-3′ which replaces the NotI site with XbaI. The PCR cycle was denatured at 95°C for 45 s, followed by 35 cycles at 95°C for 45 s, 50°C for 45 s, 72°C for 6 min, with a final extension at 72°C for 10 min. The amplified product was digested with EcoRI and XbaI, subcloned into a modified pGEM vector (24) and sequenced using gene-specific primers to confirm the correct sequence. To determine the effect of DTDST mutations on sulfate transport, plasmids containing modifications in the DTDST coding sequence were constructed using a Quick-Change Site-Directed Mutagenesis kit. The inclusion of the correct mutation was confirmed by sequence analysis. The numbering for the various nucleic acid and amino acid mutations is based on the sequence published in Hästabacka et al. (1) . Capped cRNA encoding wild-type DTDST and DTDST mutants was synthesized according to the manufacturer's instructions using an mMessage mMachine T7 kit (Ambion, Austin, TX) and stored at -70°C. cRNA was quantified by measurement of the optical density at 260 nm wavelength. In addition, 1 µl of each transcription reaction was separated on a 20% formaldehyde/agarose gel, together with 5 µg of an RNA standard (Gibco BRL, 0.24-9.5 kb ladder). Following separation, the gel was immediately photographed, then scanned into Microsoft PhotoEditor for quantification by the 'Kodak Digital Science 1D' program. The relative amounts of the different RNA samples generated in a single preparation were typically within 25% of each other using both methods of quantification. To avoid variability resulting from storage, the different cRNAs used in an experiment were generated at the same time.
Anion transport in X.laevis oocytes
The method for harvesting oocytes from X.laevis has been described by us previously (16) . Oocytes were injected with either water or various concentrations of cRNA in a 50 nl volume using a Drummond 'NANOJECT' microinjector (Drummond Scientific, Broomall, PA) and returned to 16°C for ∼72 h. For uptakes, oocytes were washed at room temperature in chloridefree buffer (115 mM sodium gluconate, 2.5 mM potassium gluconate, 2.0 mM calcium hydroxide, 11.0 mM HEPES pH 7.35) and incubated in 300 µl of a solution containing chloride-free buffer plus 100 µM [ 35 S]sodium sulfate. After incubation, oocytes were washed three times with ice-cold chloride-free buffer to remove unincorporated isotope, solubilized in 200 µl of 10% SDS and added to 3 ml of 3a70B complete counting cocktail (Research Products International, Mount Prospect, IL). The uptake of radio-isotope in each individual oocyte was determined by scintillation spectroscopy. Sulfate uptake in wild-type DTDST-injected oocytes was typically 50-200-fold greater than in oocytes injected with water; consequently, the water-injected controls are not included in the Figures.
For determination of the sulfate K m , 1.2 mM sodium sulfate in chloride-free buffer was mixed in various proportions with chloride-free buffer without sulfate to obtain the desired final sulfate concentration. For each kinetic experiment, the mean one hour sulfate uptake in 7-10 oocytes was determined at various sulfate concentrations, and the K m value was obtained by non-linear regression analysis (Prism Software, GraphPad, San Diego, CA). The K m value for each mutant represents the mean K m from four different experiments using oocytes from different frogs and compared with the K m value for wild-type DTDST in oocytes obtained at the same time from the same frog. Statistical analysis was by paired t-test.
